Abstract. Cataractogenic stresses are associated with the induction of endoplasmic reticulum (ER) stress. However, little is known about oxygen (O 2 )-induced ER stress in the lens. Cataract research has focused on elevated levels of O 2 in lens epithelial cells (LECs). Excessive levels or a lack of O 2 are known to induce ER stress whereas chronic ER stress activates the unfolded protein response (UPR). The present study investigated the hypothesis that the fluctuation of O 2 levels induces a UPR, and may be controlled by maintaining human LECs (hLECs) in a specific concentration of O 2 . Human LECs were cultured in different atmospheric levels of O 2 . Hypoxic conditions were determined by the level of hypoxia-inducible factor (HIF)-1α. 2',7'-Dichlorodihydrofluorescein diacetate and ethidium homodimer-1 staining were conducted to detect reactive oxygen species (ROS) and cell death, respectively. Protein blot analyses were performed with antibodies specific to antioxidant and UPR-specific proteins. Reverse transcription-quantitatative polymerase chain reaction assays were performed to quantify the mRNA levels of activated NF-E2-related factor 2 (Nrf2) and kelch-like ECH-associated protein 1 (Keap1). The treatment of human LECs with 0 and 20% atmospheric O 2 activated Nrf2/Keap1. The LECs shifted to 1% atmospheric O 2 from 0, 4 or 20% for 24 h showed decreased levels of Keap1. By contrast, hLECs cultured in 1% atmospheric O 2 for 24 h and then shifted to 0, 4 or 20% O 2 exhibited a significant upregulation of Nrf2. These results suggest that oxidative stress proteins were not expressed in a 1% O 2 environment. The O 2 levels in the culture medium were equilibrated within 2 h in the cell culture plates. These results showed that an appropriate oxygen environment for the culture of LECs is ~1 % atmospheric O 2 . Either 0 or 20% of atmospheric O 2 activated the UPR and the Nrf2/Keap1-mediated antioxidant system in LECs and chronic exposure to O 2 fluctuation led to ROS production and cell death. This study revealed that O 2 fluctuation-induced UPR/ER stress could be prevented by maintaining the cells in a 1% O 2 environment.
Introduction
Cataract, the foremost cause of visual impairment, is found notably in diabetic patients and causes health and economic problems predominantly in developing countries (1) . Genetic and environmental stresses combined with age are considered as leading contributors to aggregation, crystalline modification and pathogenesis in lens oxidation. The ciliary body and blood vessels of the iris supply glucose and oxygen (O 2 ) to the lens, where it is present in a hypoxic environment containing 0.5-2.3% O 2 (2) (3) (4) . The level of O 2 is a very important factor in cataract, and various cataractogenic stressors such as hypoxia, hypoxic conditions along with a low glucose level (5) or high glucose level (6) , homocysteine (7) , and galactose (6) are found to induce stress in the endoplasmic reticulum (ER), thereby mediating the activation of the unfolded protein response (UPR) along with the production of reactive oxygen species (ROS), which is usually abnormally increased, and lens epithelial cell (LEC) death (3, 8, 9) .
Osmotic stress, primarily caused by the accumulation of sugars, has been found to induce stress in the ER, which is a major site of protein synthesis, thereby leading to free radical generation. The stress is also found to result from fluctuations in glucose levels initiating an UPR that further generates ROS, and thus causes oxidative stress damage to lens fibers (10) .
ER-induced UPR is reported to be activated by the phosphorylation of inositol-requiring enzyme-1 (IRE-1), PKR-like endoplasmic reticulum kinase (PERK) and eukaryotic translation initiation factor 2α (eIF2α) and this mechanism is also reported to be protective, although the cellular components are a stress response, whereas in prolonged UPR, apoptosis is induced by caspases (caspase-12) (11) and C/EBP homologous protein (CHOP) (12) , death factors that are activated by activating transcription factor 4 (ATF4), which is a signifi-cant controller of mammalian lens development (13) . Free radicals such as ROS are generated by the UPR in increased intensities (14) and in response, the upregulation of NF-E2-related factor 2 (Nrf2) and activation of the PERK-dependent antioxidant defense system occurs due to the UPR (15) .
This study aimed to determine whether hypoxic conditions or O 2 fluctuation in the environment of LECs induces UPR, leading to ROS production and failure of the Nrf2-dependent antioxidant defense protection. To elucidate this, UPR was studied along with the production of free radicals and the levels of Nrf2 in human LECs (hLECs) that were treated with various O 2 environments. Cell viability/death and ROS staining. Ethidium homodimer-1 (EthD) and calcein AM (Viability/Cytotoxicity assay kits; Biotium Inc., Hayward, CA, USA) mixtures were used to stain the cultured hLECs and used in accordance with the manufacturer's recommendations. 2',7'-Dichlorodihydrofluorescein diacetate (H2-DCFH-DA; Invitrogen Life Technologies, Grand island, NY, USA) in phosphate-buffered saline (PBS) at a concentration of 1 mg/ml was used to determine the cytosolic ROS level. The mixture was allowed to stand for 40 min at 20˚C, then washed with PBS twice and subjected to microscopic imaging using a fluorescence microscope (Nikon TE2000-U; Nikon Corporation, Tokyo, Japan).
Materials and methods

Evaluation of protein levels in hLECs.
Protein levels were determined by western blotting. RIPA buffer (Cell Signaling Technology, Danvers, MA, USA) was used to lyse the cultured hLECs and the proteins were separated by SDS-PAGE. The gels were then blotted onto nitrocellulose membranes, which were blocked in PBS buffer (pH 8.0) containing 5% non-fat milk for 1 h. The membranes were incubated with primary antibody at 4˚C overnight and then with the secondary antibodies (cat. no. sc-56056; goat anti-rabbit IgG-horseradish peroxidase goat polyclonal, 1:5000; Santa Cruz Biotechnology Inc.) for 1 h at room temperature. The intensity of each band was normalized to that of GAPDH, and the data are presented as relative intensities, which were determined using ImageJ analysis software (National Institutes of Health, Bethesda,. MD, USA).
Evaluation of mRNA levels in hLECs. Total RNA was extracted from the hLECs exposed to various O 2 environments using TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. The purified total RNA was reverse transcribed using iScript™ Reverse Transcription Supermix for real-time PCR (Bio-Rad T100; Bio-Rad, Hercules, CA, USA) following the manufacturer's instructions. The reverse transcribed RNA was analyzed by quantitative polymerase chain reaction using SsoFast™ EvaGreen ® Supermix (Bio-Rad). The primer sequences for Nrf2, Keap1, and β-actin as described by Elanchezhian et al (5) were used for mRNA detection. The primer sequences for Nrf2, Keap1, and β-actin were: Nrf2 sense, 5'-ACACGGTCCACAGCTCATC-3' and antisense, 5'-TGCCTCCAAAGTATGTCAATCA-3': Keap1 sense, 5'-GGGTCCCCTACAGCCAAG-3' and antisense, 5'-TGGGGTTCCAGAAGATAAGC-3'; and β-actin sense 5'-CCAACCGCGAGAAGATGA-3' and 5'-CCAGAGGCGTACAGGGATAG-3' antisense. Each reaction was carried out in triplicate and three independent experiments were run. A standard curve was prepared, relative copy numbers were obtained from the standard curve and the relative expression levels were normalized to the values obtained for β-actin.
Statistical analysis.
Results are presented as the mean ± standard deviation from three individual experiments. P-values were determined by Student's t-tests and analyzed using SPSS software, (version 16.0; SPSS Inc., Chicago, IL, USA).
P<0.05 was considered to indicate a statistically significant result.
Results
ROS production and cell death. hLECs that were cultured in different levels of O 2 were stained for the evaluation of ROS production and cell death (Fig. 1A) . The production of ROS was found to be significantly increased in 0 and 20% O 2 than in 1 and 4% O 2 (Fig. 1B) . A similar pattern was observed for dead cell staining, with no cell death observed in 1 and 4% O 2 (Fig. 1) . The levels of ROS-( Fig. 2A) and apoptosis-related ER stress proteins (Fig. 2B) were then investigated. The ROS-related ER stress proteins that were investigated were Ero1-Lα, Ero1-Lβ and PDI. An increased level of Ero1-Lα was detected in cells cultured with 0, 4 and 20% O 2 . However, Ero1-Lβ and PDI were detected at greater levels in hLECs cultured in 1% O 2 than in those cultured in other percentages of O 2 ( Fig. 2A) . The apoptosis-related ER stress proteins that were investigated were ATF4, CHOP and caspase-4. Similar to the ROS-related protein Ero1-Lα, apoptotic proteins were detected in greater quantities in hLECs cultured in 0% O 2 than in those cultured in other percentages of O 2 (Fig. 2B) . Notably, cells cultured in 1% O 2 revealed a protective effect when compared with the cells cultured in other percentages of O 2 .
Detection of O 2 deprivation with different percentages of O 2 .
hLECs were cultured in 0, 1, 4 and 20% O 2 and cells were (1, 6, 12 and 24 h) for the investigation of HIF-1α levels. Increased levels of HIF-1α were detected in the cells cultured in 0% O 2 from 6 h, and the HIF-1α levels were significantly increased following 24 h of culture (Fig. 3) . However, the cells cultured in 1% O 2 showed minimum levels of HIF-1α when compared with those cultured in 0% O 2 . The other O 2 percentages, 4 and 20%, showed a minimal HIF-1α protein levels (Fig. 3) .
Evaluation of ER stress proteins.
To elucidate the hypothesis concerning the induction of ER stress by O 2 fluctuation, the levels of ER stress proteins in cells cultured for 24 h with 0, 1, 4 and 20% O 2 were investigated. The ER stress marker protein BiP and the UPR-associated proteins p-PERK, p-IRE1α, p-eIF2α and ATF6 were investigated. Increased levels of ER stress proteins were found in cells cultured with 0 and 20% O 2 when compared with those cultured with 1 and 4% O 2 (Fig. 4) . However, very minimal or negligible amounts of ER stress proteins were detected in cells cultured in 1% O 2 , which clearly indicates that this is a protective environment for the growth of hLECs.
Evaluation of key antioxidant proteins. The effect of different percentages of O 2 on the levels of the lens antioxidant proteins Nrf2 and Keap1 were investigated. The effects were evaluated in cells cultured for 24 h in 0, 1, 4 and 20% O 2 by quantifying Nrf2 and Keap1 at the protein and mRNA levels. Notably, cells cultured in 1% O 2 showed a protective effect and the level of Nrf2 protein was increased to near normal levels (Fig. 5) . However, cells cultured in 0, 4 and 20% O 2 showed decreased levels of this protein. The inverse effect was observed for Keap1 protein (Fig. 5) . The mRNA levels of Nrf2 and Keap1 followed similar trends (Fig. 6) . Altogether, it is clear that 1% O 2 was found to be protective for cultured hLECs when compared with other percentages of O 2 . In addition, a complete lack of O 2 (0%) resulted in severe damage to lens proteins due to the induction of ER stress, where chronic exposure led to the production of ROS and cell death.
Discussion
Lens researchers generally consider that age-related cataracts (ARCs) are strongly associated with lens oxidation and aging (16) (17) (18) . Although a direct association between cataract 
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formation and hypoxia has not been clearly demonstrated, there are many adverse conditions that lead to hypoxic disorders in the human lens. In the present study, exposure of hLECs to certain O 2 environments was found to activate a protective UPR, whereas prolonged exposure to severe hypoxia induced ROS production and apoptotic UPR. This response was observed as LEC death and lens oxidation. The obtained results are in line with previous studies, in which cataracts under diabetic conditions have been found to be strongly associated with agedependent circulatory disorders and also dependent on diastolic blood pressure, the duration of diabetes, elevated glycosylated hemoglobin levels and lower intraocular pressure (19, 20) .
In addition, metabolic diseases and extreme fasting conditions have been found to induce hypoglycemia; a recent study showed that a 30-min exposure to very low glucose was adequate to induce an UPR in the germinative zone of the lens in rodents (5) and hyperoxia and hyperglycemia are been widely reported to induce oxidation in the lens and cataract formation (21, 22) . The present study has revealed that physiological concentrations of O 2 concentrations also induce lens oxidation and activate the UPR, indicating that hypoxia and hyperoxia are potentially contributing factors to oxidation in lenses.
Kiviluoto et al (23) reported that the activation of ER stress proteins deplete the level of Ca 2+ in the ER-; the ER-Ca 2+ level along with ER localized oxidative machinery is vital for appropriate protein folding. The results of the present study suggest that the culture of hLECs under severe hypoxia (0% O 2 ) or hyperoxia (20% O 2 ) induces apoptotic UPR leading to ROS production; this may also lead to the release of Ca 2+ from the ER, consequently increasing cytosolic Ca 2+ and thus inducing apoptosis and causing severe impairment in the hLECs. It may be hypothesized that aged individuals develop cortical or nuclear cataracts due to the induction of UPR and also due to ROS production in LECs.
A study by Elanchezhian et al (5) demonstrated that ROS increased in LECs in the germinative zone that differentiate into cortical fiber cells, where new fiber cells are generated over old lens fiber cells. These lens fiber cells were suggested to contain less Nrf2-dependent antioxidant protection, and the changes result in crystallin aggregation and oxidation in the posterior and cortical regions. Moreover, earlier findings have reported that diabetic cataracts are intensely associated with diabetic exposure time (19, 20) , where longer exposure results in an increased density of the cortical lens fiber cell layer.
Thus, the present study has revealed that 1% O 2 is a protective environment for the healthy growth of hLECs. However, 0 and 20% O 2 may activate the UPR, and prolonged exposure leads to the production of ROS, oxidation of the lens and ultimately leads to cell death. Maintaining cells in 1% O 2 can attenuate O 2 -fluctuation induced ER stress. The results of this study suggest that 1% O 2 provides a protective environment for the healthy cell culture and experimental use of hLECs.
